Future astrobiology missions will focus on planets with significant astrochemical or potential astrobiological features, such as small, primitive bodies and the icy moons of the outer planets that may host diverse organic compounds. We have made significant progress in the laser desorption/ionization mass spectrometry area with advancement in the two-step laser tandem mass spectrometer (L2MS) instrument to deconvolve complex organic signatures. In this paper we will describe our development effort on a new laser architecture for the L2MS instrument. The laser provides two discrete mid-infrared and ultraviolet wavelengths on a single laser bench with a straightforward path toward space deployment.
INTRODUCTION
Future astrobiology missions will focus on planets with significant astrochemical or potential astrobiological features, such as small, primitive bodies and the icy moons of the outer planets that may host diverse organic compounds. These missions require advanced instrument techniques to fully and unambiguously characterize the composition of surface and dust materials. Time of flight mass spectrometry (TOF-MS) has been an attractive choice of instrument for many years due to its potentially unlimited mass-to-charge (m/z) range, high-speed acquisition, accurate mass measurement capability and sensitivity. [1] Laser desorption/ionization mass spectrometry (LDMS) is an emerging instrument technology for in situ mass analysis of non-volatile sample composition. [2] A recent NASA Goddard Space Flight Center's (GSFC) LDMS advancement, which combines both TOF-MS and LDMS, is the two-step laser tandem mass spectrometer (L2MS) instrument to address the need for future flight instrumentation to deconvolve complex organic signatures. [3] - [6] The L2MS prototype uses a resonance-enhanced multi-photon laser ionization mechanism to selectively detect aromatic species from a more complex sample. By neglecting the aliphatic and inorganic mineral signatures in the two-step mass spectrum, the L2MS approach can provide both mass assignments and clues to structural information for an in situ investigation of non-volatile sample composition. In this paper we will describe our development effort on a new laser architecture for the L2MS instrument and discuss a path forward toward a space deployable design that is based on the previously flown Lunar Orbiter Laser Altimeter (LOLA) laser transmitter. [7] The laser provides two discrete mid-infrared wavelengths (~2.8 µm and 3.4 µm) using intracavity optical parametric oscillators (iOPO) and ultraviolet (UV) wavelength (266 nm) on a single laser bench with a straightforward development path toward flight readiness.
L2MS Instrument
The L2MS instrument requires the use of mid-infrared (MIR) and ultra-violet (UV) wavelengths to accomplish the science objectives. The UV laser can be used to provide broadband survey of inorganic and organic composition with the possibility to resolve isobars, depending on choice of mass analyzer. With the inclusion of discrete MIR wavelengths that couple to mineral hydration features (2.8 µm) and C-H stretch (3.4 µm), one can begin to investigate aromatic organic composition with higher sensitivity in mineral matrix than using UV laser alone.
Ionization Pulse
The MIR laser pulse in this instrument is the leading pulse for desorption from the sample surface and then some time ∆t later, an UV pulse is sent into the chamber to ionize the neutral plume. With careful selection of wavelengths, the instrument can be tuned to key vibrational and electronic resonances in the targeted species to align with the organic diversity, and mineralogy expected for future planetary missions of high priority to NASA. Specifically, the 266 nm UV laser energy coincides with a short-lived metastable state in many aromatic molecules that enhances the sensitivity of those species. In addition, we have recently shown that IR vibrational resonances of hydrated minerals commonly reside near 2.8 µm. Additionally, organic species generically exhibit a C-H vibrational resonance at 3.4 µm.
As shown in Figure 1 , the L2MS experimental hardware employs a high-vacuum chamber that houses the time-of-flight analyzer. At time t0, a MIR desorption laser pulse passes through a quartz viewport, to transmit down the bore of the analyzer to the sample surface. After a delay, ∆t, the UV ionization laser pulse passes through a side view port to intersect the desorbed plume. The delay will be tuned to maximize the ion intensity of the species of interest at the detector, to account for small changes in geometry and position between samples. Typical delays ranged between 0.3 and 2 µs. A more detailed description of the L2MS can be found in [2] - [5] . The laser requirements for the L2MS instrument are summarized in Table 1 . Efficient generation of the MIR and UV wavelengths is most often accomplished using parametric optical mixing that relies on the nonlinear coefficients -χ (2) or χ (3) -of the optical crystals and fulfilling the phase matching conditions with the optical fields and crystal orientation. Efficient and mature MIR generation is currently limited to optical parametric processes via an optical parametric oscillator (OPO). OPO is a laser resonator with its optical gain based on parametric amplification in a nonlinear optical crystal rather than from stimulated emission. The challenges for space application of OPOs are maintaining the alignment of the OPO resonator and choosing the appropriate and reliable scheme to meet the science objectives. 
LASER ARCHITECTURE
The laser architecture for the L2MS instrument is based on heritage space flight laser design accompanied by the use of wavelength generation technique that has a straightforward path for space application. Our baseline approach to meet the L2MS requirement and provide a direct path for space is to leverage the LOLA laser transmitter. The passively Q-switched LOLA laser design is modified to an actively Q-switched laser to provide a complete timing control on the emission of laser pulses for the instrument. This transmitter is used as the pump laser for nonlinear optical parametric processes to generate the MIR and frequency conversion to generate the UV beams as required by the L2MS instrument.
The design of the approach to generate a single MIR wavelength along with the UV wavelength output is shown in Figure 2 . The L2MS laser transmitter shown below uses Laser 1 to generate a single discrete MIR wavelength. Laser 1, as shown in Figure 2 , is a side pumped Nd:YAG laser based on the LOLA laser design with fundamental lasing wavelength of 1064 nm and an active electro-optic Q-switch to generate the Qswitched pulses. A KTA crystal with the ends parallel polished and appropriate optical coating is used as an intracavity optical parametric oscillator (iOPO) to generate the MIR wavelength output. By properly selecting the crystal material, crystal cut and optical coatings, we can generate either the 2.8 µm or 3.4 µm output, as required by L2MS. The output of Laser 1 will be used to delay the trigger of the Q-switch of Laser 2 at time delay ∆t for the generation of 266 nm by the use of KTP and BBO crystals. Details of each laser will be described in the following section. 
MIR LASER DESIGN APPROACH AND BREADBOARD RESULTS
We have modified an existing LOLA breadboard to demonstrate the concept of iOPO laser and to demonstrate the required performance. Figure 3 shows the iOPO breadboard and the iOPO optical coating schematic.
The oscillator is composed of a Porro prism as the high reflector, a Brewster's angle cut Nd:YAG slab pumped by two two-bar stack (G2 package) of GaInAsP laser diode bars, a passive Q-switch (Cr
4+
:YAG, 0.29 optical density), 0.57 waveplate to compensate for the retardation introduced by the Porro prism and the Risley wedge used for optical alignment. A nonlinear crystal (KTA or KTP) cut for the desired phase matching is polished and coated for the desired operation wavelengths. The crystal end surfaces are parallel polished and coated to form a monolithic OPO cavity. The Porro prism and outward crystal end surface form the pump laser cavity. This design takes advantage of the high fluence and longer pump duration inside the laser cavity, which greatly reduces the OPO threshold and increases the conversion efficiency. to eliminate the walk-off effect with a maximum effective nonlinear coefficient. One end of the KTA crystal is coated for high transmission (HT) at the pump wavelength (λp = 1064nm) and high reflection (HR) at the signal wavelength (λs = 1534nm). The other end is HR coated at λp, partial reflection (R=80%) coated at λs, and HT coated at the idler wavelength λi = 3480nm. The crystal ends are parallel polished to less than 10 arcseconds to form a monolithic OPO cavity. The iOPO reaches threshold when the pump diodes current is ~51A and pump duration of 120µs. The output energies at the idler and signal wavelengths are ~210µJ and 600µJ, respectively. Figure 4 shows the temporal profiles at the pump and signal wavelengths. The 1064nm intracavity pulse width is about 3ns. The 1534nm signal pulse is delayed by about 1ns relative to the 1064nm pump pulse. The intracavity 1064nm photons are rapidly converted to signal and idler photons when the OPO reaches the threshold, which is clearly shown by the sharp trailing edge of the 1064nm pulse in Figure 4 (a). The spectrum of the signal is shown in Figure 4 (b). To estimate the relative iOPO conversion efficiency, we replaced the iOPO monolithic crystal with a standard output coupler with R=70%. Under the same pump current and duration condition, the 1064nm laser output is 1.8 mJ. The quantum conversion efficiency is 43% for 3.48µm. For the 2.9µm wavelength iOPO, two 15mm long KTP crystals will be used in walk-off compensated Type II critical phase matching (CPM). The two crystals will be diffusion bonded, polished and coated to form a monolithic iOPO cavity. In order to form a monolithic iOPO, both the pump wavelength at 1064nm and the signal (or the idler) beams are required to propagate collinearly. The two crystal cuts for KTP that meet this requirement are 1) 2900 (o) + 1680 (e) = 1064 (o). Crystal cut for θ = 45.6˚ and φ = 0˚.
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2) 2900 (e) + 1680 (o) = 1064 (o). Crystal cut for θ = 67.1˚ and φ = 0˚.
For case 1, the crystal will be coated to oscillate at the idler wavelength (λi=2900nm). One crystal end will be coated for HT at the pump wavelength (λp=1064 nm) and HR at λi. The other end will be coated for HR at λp and PR (R=80%) at λi. For case 2, the crystal will be coated to oscillate at the signal wavelength (λs=1680nm). We have procured crystals for case 1 and performed initial experiments.
UV LASER DESIGN APPROACH AND BREADBOARD RESULTS
The UV laser design consists of a 1064 nm pump laser frequency quadrupled to achieve 266 nm. The 1064 nm laser is a quasi-continuous wave (QCW) side-pumped Nd:YAG slab oscillator with an active electrooptic Q-switch (EOQS). EOQS is chosen for this laser due to the much better timing control necessary to generate a UV pulse at a specified time delay from the MIR pulse for the L2MS instrument. The pump laser design is based on the LOLA laser architecture. Two G2 package laser diode arrays pump the Nd:YAG slab. The 1064 nm laser is frequency doubled to 532 nm using a Type II critical phase matched (CPM) KTP (Potassium Titanyl Phosphate) crystal (θ = 90.0˚, φ = 23.5˚) operating near room temperature at 27˚C. The combination of a harmonic separator and short wave pass filter separate the residual 1064 nm light from the 532 nm beam. The 532 nm light is frequency doubled to 266 nm using a Type I BBO (Beta Barium Borate) crystal (θ = 47.7˚) operating at room temperature (~25˚C). A dispersive prism and short wave pass filter separate the residual 532 nm light from the 266 nm output beam. We have developed a breadboard prototype of the UV laser and characterized the initial performance. A schematic of the UV laser breadboard design is shown in Figure 5 . Figure 5 . Schematic of the UV laser breadboard for the L2MS instrument.
The initial breadboard performance was measured with the 1064 nm laser operating at a pulse energy of 2.2 mJ, pulse repetition frequency (PRF) of 20 Hz and pulse duration of ~10 ns (FWHM). After frequency conversion to 532 nm using the KTP crystal we achieved a pulse energy of 1.3 mJ at a PRF of 20 Hz and pulse duration of 8.7 ns. This corresponds to a frequency conversion efficiency of 64%. In the final stage frequency conversion to 266 nm using the BBO crystal we achieved a pulse energy of 220µJ at a PRF of 20 Hz and pulse duration of 6.6 ns. This corresponds to a frequency conversion efficiency of 15% and the overall 4 th harmonic generation conversion efficiency is 10%. We measured the UV laser breadboard wavelength to be 266.2 nm. The measured pulse duration, wavelength and far-field beam profile of the UV laser breadboard are shown below in Figure 6 (a), (b) and (c) respectively. The far field beam profile demonstrates single spatial mode laser operation.
